INTRODUCTION
Traditionally, it has been assumed that radiation-induced damage occurs only in cells actually traversed by the incident radiation. However, since the early 1990s there have been a number of reports describing a phenomenon known as the bystander effect in which cells not directly exposed to the radiation nevertheless show damage. Bystander ef-fects have been demonstrated with both high-and low-LET radiation, in a variety of cell lines, and using various end points including DNA double-strand breaks, chromosome damage, mutation, genomic instability and cell survival; for recent reviews see refs. (1) (2) (3) (4) (5) .
We have reported previously that ␣-particle irradiation of DU-145 human prostate carcinoma cells induced micronucleus (MN) formation in co-cultured DU-145 bystander cells (6) . In that study, we also reported that MN formation in the bystander cells was observed only if the bystander DU-145 cells were present on inserts and co-cultured in the medium above the directly irradiated cells during the irradiation; no bystander effect was observed when the inserts containing the bystander cells were added 1 min after the irradiation and then co-cultured for an additional 2 h. This was interpreted as evidence for a very short apparent lifetime of the bystander signal (or some component in a signaling cascade) released by the irradiated DU-145 tumor cells (6) . In the current study, we have expanded on these previous results. We now include parallel irradiations with 250 kVp X rays to provide a comparison between low-LET radiation and ␣ particles. We have added AG01522 normal human fibroblasts as a second co-cultured bystander cell line for comparison with the bystander effects observed in the DU-145 prostate tumor cells. We have monitored three end points in each of these co-cultured bystander cell lines: MN formation, ␥-H2AX focus formation and the surviving fraction. This matrix of experiments allows us to address two questions: (1) Are there LET-dependent differences in bystander effects caused by 250 kVp X rays and ␣ particles? (2) Can irradiated DU-145 prostate carcinoma cells cause bystander effects in the AG01522 normal human fibroblasts?
MATERIALS AND METHODS

Experimental Approach
For all experiments, DU-145 prostate carcinoma cells were irradiated directly with either X rays or ␣ particles. For each of these two radiation qualities, two co-cultured bystander cells were used (DU-145 human prostate carcinoma and AG01522 normal human fibroblasts). Sham-irradiated controls were included in all experiments. For each of the four permutations of radiation quality and bystander cell line, three experimental end points were quantified in the bystander cells (␥-H2AX focus 468 ANZENBERG, CHANDIRAMANI AND CODERRE
FIG. 1.
Schematic view of the insert co-culture system for ␣-particle irradiations.
induction, MN formation, and the surviving fraction). This yielded a matrix of 12 experiments. For each of these 12 experimental conditions, when a positive bystander effect (significantly greater than control levels) was detected, the experiments were repeated independently with a radical scavenger present. Scavenger-only controls were included in all experiments.
Cell Lines
Cells of the human diploid skin fibroblast primary cell line AG01522 were obtained from the Genetic Cell Respository at the Coriell Institute for Medical Research (Camden, NJ). AG01522 cells were grown at 37ЊC in a humidified atmosphere of 95% air and 5% CO 2 using ␣-modified MEM (Sigma) supplemented with 20% fetal bovine serum (Hyclone), 100 g/ml streptomycin and 100 U/ml penicillin. AG01522 cells were grown to confluence prior to use in experiments, and the culture was restarted from frozen stocks after 12 passages. Cells of the human prostate carcinoma (metastatic) cell line DU-145 were obtained from the American Type Culture Collection (Manassas, VA). DU-145 cells were grown at 37ЊC in a humidified atmosphere of 95% air and 5% CO 2 using Eagle's minimum essential medium containing Earle's BSS (MEM/EBSS, Hyclone) supplemented with 2 mM L-glutamine, 1.0 mM sodium pyruvate, 0.1 mM non-essential amino acids, 1.5 g/liter sodium bicarbonate, and 14% fetal bovine serum (Sigma). All experiments with DU-145 cells used cultures in exponential growth. The AG01522 and DU-145 cells were harvested by trypsinization, counted and replated at the appropriate densities for each experiment, as described below.
Cell Irradiation Procedures
The ␣-particle source was described previously (6) . Briefly, the source is a sealed planar, custom-manufactured 241 Am foil (NRD, LLC, Grand Island, NY). The 241 Am foil emits ␣ particles at an average energy of 3.98 MeV and an average LET of 127 keV/m. For ␣-particle irradiations, a custom-made cell culture dish with a replaceable mylar bottom was used. This culture dish has been described previously (6, 7) . Briefly, a stainless steel cylinder was machined to allow placement of 1.4-mthick mylar across the bottom, creating a 3.81-cm-diameter growing surface at the bottom of the dish. The mylar was held in place by a secondary outer stainless steel cylinder fitted with a Vinton rubber o-ring between the two cylinders. The mylar dishes were sterilized in an autoclave and covered with standard 60-mm-diameter plastic petri dish covers during use. The mylar membrane was treated with FNC Coating Mix (BRFF AF-10, AthenaES, Baltimore, MD) to help cell adhesion. The cell irradiation apparatus comprises the 241 Am foil, an electronic shutter, and a machined collar to position the stainless steel mylar dish above the shutter. The air gap between the 241 Am foil and the mylar layer is 5 mm. DU-145 tumor cells (3-5 ϫ 10 5 ) were plated 24 h prior to irradiation on the coated mylar membrane and were allowed to attach overnight. These served as the directly irradiated cells. The dose rate at the cell position on the mylar membrane is 1.2 Gy/min (6) . At the cell position on the mylar membrane, the dose rate from the 60 keV ␥ rays emitted during 241 Am decay was negligible (6) . The doses used for all ␣-particle irradiation experiments were 0.1, 0.6, 1.2 and 6.0 Gy, with irradiation times of 5 s, 30 s, 1 min and 5 min, respectively. All ␣-particle irradiations were performed at room temperature.
X irradiations were performed using a Philips RT250 unit operating at 250 kVp and 12 mA with 0.4 mm tin plus 0.25 mm copper filtration and a focus-to-target distance of 32 cm. For the X irradiations, 1.0-1.3 ϫ 10 5 DU-145 tumor cells per well were plated in six-well plates (Falcon) 24 h prior to irradiation. The X-ray dose rate in the six-well plates was 1.0 Ϯ 0.03 Gy/min. The doses used for the X irradiations were 0.06, 0.1, 0.5, 1.0 and 2.0 Gy, with irradiation times of 3.6 s, 6 s, 30 s, 1 min and 2 min, respectively. All X irradiations were performed at room temperature.
Co-culture Procedures
Tumor cells plated on the mylar membrane or in six-well plates served as the directly irradiated cells for the ␣-particle and X-ray experiments, respectively. Bystander cells were present on cover slips held in inserts above the mylar membrane (see Fig. 1 ) or in the six-well plates. For ␣-particle irradiations, 3-5 ϫ 10 5 DU-145 cells were plated on the coated mylar membrane 24 h prior to irradiation. Similarly, for the X irradiations, 1.0-1.3 ϫ 10 5 DU-145 tumor cells were plated per well in sixwell plates (Falcon) 24 h prior to irradiation. Bystander populations of DU-145 or AG01522 cells were prepared on 18-mm-diameter glass cover slips (VWR International) by plating 1 ϫ 10 5 cells per cover slip in 12-well plates (Falcon) and allowing the cells to attach overnight. On the day of irradiation, the medium was changed in the mylar dish or the sixwell plates as well as for the bystander cells growing on cover slips in 12-well plates. When AG01522 fibroblasts were to be co-cultured with irradiated DU-145 tumor cells, both cell lines were allowed to attach in their medium, but the medium for the tumor cells was changed to AG01522 fibroblast medium just prior to irradiation. Thus, for co-culture experiments with AG01522 fibroblasts, DU-145 cells were irradiated in AG01522 fibroblast medium. It was confirmed that the AG01522 fibroblast medium caused no changes in the rate or growth fraction of DU-469 LET-DEPENDENT BYSTANDER EFFECTS IN HUMAN CELLS 145 cells. The bystander cells were then co-cultured with the directly irradiated cells for 4 h (except as noted below), removed and then processed for the specific end points, as described below.
Radical scavenger experiments used either the nitric oxide scavenger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO, MP Biomedicals, Inc.) at a concentration of 20 M or dimethyl sulfoxide (DMSO, Sigma) at 0.5% vol/vol. The scavengers were added 5 min prior to irradiation and were present in the medium during the entire co-culture period.
The geometry of the two irradiation approaches produced a limitation and an opportunity. For X irradiations, the co-cultured bystander cells could not be present in the medium during the irradiation (because they could not be shielded) and were always added within 5 min after the irradiation. During ␣-particle irradiations, the range of the ␣ particles is so short that the bystander cells could be present in the same medium above the irradiated cells but still receive no direct dose. Alternatively, the bystander cells on the inserts could be added after the ␣-particle irradiations (within 5 min) to parallel the X-ray conditions. This provided the opportunity to investigate the nature of the signal released by ␣-particle-irradiated DU-145 cells, i.e., the lifetime of the medium-mediated signal, or the nature of the bystander cell response to the signaling pathway initiated by the ␣-particle irradiation, by comparing the results when the bystander cells were added just after the irradiation (6) .
In all X-ray experiments, bystander cells and directly irradiated cells were combined for co-culturing ϳ5 min after irradiation. In ␣-particle experiments, the bystander cells could be added to the medium above the irradiated cells either before or after irradiation. The experimental conditions used are specified in the results sections below.
␥-H2AX Assay
Immunofluorescence staining of ␥-H2AX foci was carried out as described previously by Yang et al. (8) . At the end of the co-culture period, the bystander cells were rinsed with PBS, then fixed in 3% (v/v) paraformaldehyde in PBS for 30 min at 4ЊC. After a 5-min rinse with 50 mM NH 4 Cl and two rinses with PBS, the cells were then permeabilized for 15 min in ice-cold Triton X-100 buffer (50 mM NaCl, 3 mM MgCl 2 , 200 mM sucrose, 10 mM Hepes, pH 7.4, and 0.5% Triton-100). Cells were incubated with 10% goat serum for 1 h at 37ЊC, then incubated for 1 h at room temperature with antibodies against phosphorylated histone ␥-H2AX (Trevigen) using a 1:100 dilution of the antibody in PBS supplemented with 3% goat serum and 0.1% Triton X-100. After three 10-min washes with PBS, cells were incubated in 1% BSA for 1 h at 37ЊC. After blocking, the cells were stained with Alexa Fluor 488 goat antirabbit IgG secondary antibody (Molecular Probes) for 45 min at room temperature. Cells were washed twice with PBS, stained with the nuclear stain 4,6-diamidimo-2-phenylindole (DAPI, Sigma) at a concentration of 10 g/ml in water for 2 min, followed by two more washes with PBS. The cells were treated with FluoroGuard Antifade reagent (Bio-Rad) to preserve the fluorescence. A cell was counted positive for ␥-H2AX focus induction if it exhibited more than five foci in the nucleus. At least 500 cells were scored from at least 10 fields of view per sample.
Micronucleus Assay
Micronucleus formation in the bystander cells was measured using the cytokinesis-block technique (9) . After the directly irradiated cells and the bystander cells had been co-cultured for 4 h, the cover slips with the bystander cells were removed from the mylar dish or the six-well plates and placed in individual wells of a 12-well plate (Falcon). The bystander cells received 2 ml of fresh medium (specific to each cell line) containing cytochalasin B (Sigma) at a final concentration of 1.5 g/ml for AG01522 cells and 3.0 g/ml for DU-145 cells. After 48 h for the DU-145 cells (6) and 72 h for AG01522 fibroblasts (8) , the cells were fixed in methanol:acetic acid (3:1 v/v). After the samples were allowed to dry, the cells were stained with DAPI. The stained bystander cells, still attached to the cover slips, were treated with FluoroGuard Antifade reagent; the cover slips were then inverted and applied to microscope slides. Micronuclei present in binucleated cells were scored using a fluorescence microscope. At least 500 binucleated cells were scored, using at least 10 fields of view, from each cover slip.
Colony Formation Assay
A colony formation assay was used to quantify the surviving fraction of bystander cells after co-culture with directly irradiated DU-145 tumor cells. For ␣-particle experiments, the bystander cells (either AG01522 or DU-145; 1 ϫ 10 5 cells per cover slip) were added to the medium above the irradiated cells either just prior to irradiation or shortly after irradiation depending on the experiment. For X-ray experiments, the bystander cells were added within 5 min after the irradiation. The bystander cells were co-cultured for 4 h, removed, trypsinized and plated in 100-mm petri dishes at a density of 300 cells per dish. The cells were then incubated for 9 additional days to allow colony formation.
To determine the effect of added scavengers on the X-ray-induced bystander effect, 1 ϫ 10 5 DU-145 cells were plated in 1.0-m porous membrane inserts (Falcon) to allow passage of small molecules. Bystander fibroblast cells were plated in the six-well companion plates (Falcon) at a density of 100 cells/well. After the cells were allowed to attach for 24 h, the medium was replaced in both the wells and the companion inserts. For experiments with scavengers, either of the two radical scavengers was added to both the inserts and the six-well plates prior to irradiation and the inserts holding the DU-145 cells were then irradiated with X rays. Within 5 min after irradiation, the inserts were placed into the companion wells holding the bystander cells and the cells were co-cultured for 24 h. After 24 h, the inserts were removed and discarded, and the bystander cells in the wells were incubated for 8 additional days.
For all survival experiments, colonies were fixed with methanol and stained with methylene blue. Colonies, defined as containing greater than 50 cells, were scored per well or per dish, and the surviving fraction was calculated.
Statistical Analysis
All data are from at least three separate experiments. The results of the MN and ␥-H2AX experiments are expressed as the means of all replicate measurements and are plotted as means Ϯ 1 SD. The results of the colony formation surviving fraction experiments are the means of three to five replicate dishes or wells per experiment; results are expressed as the means Ϯ 1 SD of all replicate dishes or wells for all experiments. Student's t test was used to evaluate differences in the effects measured in the bystander cells from the nonirradiated control conditions and the bystander cells co-cultured with directly irradiated cells. In scavenger experiments, statistical significance was judged relative to the same absorbed dose delivered to the directly targeted cells but without the scavenger present.
RESULTS
␥-H2AX Focus Induction in Bystander AG01522 Fibroblasts
Preliminary experiments were carried out with bystander AG01522 and DU-145 cells to determine the optimum coculture time for measurement of ␥-H2AX focus induction. The times evaluated ranged from 30 min to 8 h. The X-ray dose was 2.0 Gy and the ␣-particle dose was 1.2 Gy for these time course studies.
X rays. Bystander AG01522 cells were co-cultured with X irradiated (2.0 Gy) DU-145 cells for 0.5-4 h, after which the ␥-H2AX foci were scored. The control population showed 4.5% of cells with greater than five foci per nucle- . X-ray experiments were carried out with and without the addition of DMSO or PTIO scavengers. Results are the average of at least four independent experiments. Error bars represent Ϯ1 SD. **P Ͻ 0.01, *P Ͻ 0.05. us, whereas the cells co-cultured with irradiated DU-145 cells showed relative increases of 1.2, 1.4, 1.5 and 2.0 at co-culture times of 0.5, 1, 2 and 4 h, respectively (average of two experiments). Four hours was chosen as the coculture time for the subsequent dose-response study. The percentage of bystander AG01522 fibroblasts showing an increase in the incidence of ␥-H2AX foci as a function of the direct X-ray dose delivered to the DU-145 cells is shown in Fig. 2A . The magnitude of the incidence of ␥-H2AX foci in the bystander cells in the medium above X-irradiated DU-145 cells increased linearly up to a level that was twofold greater than the control. When either of the free radical scavengers DMSO or PTIO was present in the medium during the irradiation of the DU-145 cells with X rays and during the 4-h postirradiation co-culture period with the bystander AG01522 cells, the bystander effect was completely blocked at all X-ray doses (Fig. 2A) .
Alpha particles. Bystander AG01522 cells were co-cultured with ␣-particle-irradiated (1.2 Gy) DU-145 cells for 1-8 h, after which the ␥-H2AX foci were scored. There was no significant increase in the percentage of bystander cells with greater than five foci per nucleus at any co-culture time. The control group showed 1.4%; the values for co-culture times of 1, 2, 4, 6 and 8 h were 1.1, 0.9, 1.0, 1.6 and 0.9%, respectively. A co-culture time of 8 h was used for the subsequent dose-response study. Figure 2B shows that there was no increase in ␥-H2AX focus formation in bystander AG01522 fibroblasts as the ␣-particle dose delivered to the directly irradiated DU-145 cells was increased from 0.1 to 6.0 Gy. For all of the ␣-particle irradiations, the bystander AG01522 cells were added within 5 min after the direct irradiation of the DU-145 cells.
The data presented in Fig. 2A and B show an example of an LET-dependent bystander effect. X irradiation of DU-145 tumor cells produced a significant ␥-H2AX bystander effect in AG01522 fibroblasts, but ␣-particle irradiation did not. In both cases, co-culture of the bystander AG01522 cells with the directly irradiated DU-145 cells began within 5 min after irradiation.
␥-H2AX Focus Induction in Bystander DU-145 Prostate Carcinoma Cells
Bystander DU-145 tumor cells did not show increased ␥-H2AX focus formation under any conditions. In the preliminary time course studies, the baseline level of cells with more than five ␥-H2AX foci per nucleus was 1.4% (sham irradiation, 2 h co-culture). Bystander DU-145 cells co-cultured with X irradiated (2.0 Gy) DU-145 cells for 5 min, 30 min, 1 h, 2 h and 4 h showed levels of 0.6, 1.3, 1.4, 1.8 and 0.6%, respectively. Similarly, no significant increase in ␥-H2AX focus formation was seen in bystander DU-145 tumor cells co-cultured for up to 8 h with ␣-particle-irradiated (1.2 Gy) DU-145 tumor cells. For the ␣-particle irradiations, the DU-145 bystander cells were present during the irradiation; i.e., the co-culture began just prior to the irradiation.
The fact that the bystander DU-145 cells showed no increase in ␥-H2AX foci under any conditions led us to examine whether direct irradiation of these tumor cells resulted in a significant increase in ␥-H2AX focus induction. DU-145 tumor cells directly irradiated with 2 or 10 Gy of X rays or 6 Gy of ␣ particles showed increases in ␥-H2AX foci in 2.3, 10.8 and 17.3% of the cells, respectively. The baseline level of cells with greater than five ␥-H2AX foci per nucleus was 0.8% in this experiment. In comparison, AG01522 fibroblasts directly irradiated with 2 Gy of X rays have been reported to show 70% of the population with increased ␥-H2AX focus induction (8) . Together, these data suggest that there is a difference in the doses (level of damage) required to initiate ␥-H2AX focus formation between AG01522 fibroblasts and DU-145 tumor cells. Micronucleus Formation in Bystander AG01522 Fibroblasts X rays. An increased incidence of micronuclei formation was observed in bystander AG01522 cells co-cultured for 4 h with X-irradiated DU-145 cells that showed saturation above 1 Gy (Fig. 3A) . A 1.5-fold bystander response (P Ͻ 0.05) was measured when an X-ray absorbed dose of 2 Gy was delivered to the directly irradiated DU-145 cells (Fig.  3A) . DMSO appeared to reduce this bystander effect, but the differences from the corresponding data points for cells with no scavenger added did not reach statistical significance (P Ͼ 0.05). PTIO blocked the MN bystander effect, but only at the 2-Gy dose was the effect statistically significant (P Ͻ 0.01).
Alpha particles. A twofold increase in the fraction of binucleated cells with micronuclei was seen in bystander AG01522 fibroblasts that were co-cultured for 4 h with ␣-particle-irradiated DU-145 tumor cells (Fig. 3B ). This bystander effect showed saturation at doses of 0.6 Gy and above delivered to the directly irradiated DU-145 cells. Both PTIO and DMSO reduced the bystander response to control levels. The MN bystander effect in the AG01522 fibroblasts was observed regardless of whether the bystander cells on the cover slip were added prior to or after the ␣-particle irradiation of the tumor cells, indicating a long apparent lifetime of the signal. The data shown in Fig. 3B are for addition of the inserts containing the bystander cells within 5 min after the irradiations.
Micronucleus Formation in Bystander DU-145 Prostate
Carcinoma Cells X rays. The incidence of micronuclei in bystander DU-145 tumor cells that were co-cultured for 4 h with X-irradiated DU-145 tumor cells is shown in Fig. 4A . The percentage of binucleated cells containing micronuclei increased as a function of increasing X-ray dose to the directly irradiated DU-145 cells, reaching a plateau of about twofold greater than the control level at ϳ1-2 Gy. The presence of either DMSO or PTIO during the irradiation and the co-culture period reduced the bystander effect to control levels (Fig. 4A) .
Alpha particles. The increased incidence of micronuclei in bystander DU-145 cells that were co-cultured for 4 h with ␣-particle-irradiated DU-145 cells (Fig. 4B ) reached a plateau at a level about twofold greater than the controls (P Ͻ 0.01). The bystander effect was observed only when the insert was added just before the irradiation (i.e., the bystander cells were present during the irradiation) and not when the insert was added within 5 min after the irradiation, indicating a very short apparent lifetime of the bystander signal.
The data shown in Fig. 4A and B suggest that there is an LET-dependent difference in the signal released from (or signaling pathway initiated by) X-and ␣-particle-irradiated DU-145 prostate carcinoma cells. In the X-ray experiment (Fig. 4A) , the bystander DU-145 cells were added within 5 min after the irradiation; a significant MN formation bystander effect was observed. However, when ␣ particles were used (Fig. 4B) , the MN formation bystander effect was observed only when the bystander DU-145 cells were added before the irradiation. No bystander effect was seen when the bystander DU-145 cells are added within 5 min after the ␣-particle irradiation.
Surviving Fraction in Bystander AG01522 Fibroblasts
X rays. A reduction to a surviving fraction of ϳ0.8 was seen in bystander AG01522 fibroblasts that had been cocultured for 4 h with X-irradiated DU-145 cells (Fig. 5A) . The ability of scavengers to block this bystander effect is shown in Fig. 5C . When PTIO was present in the medium during the irradiation and the co-culture period, there was no significant reduction in the surviving fraction; i.e., the nitric oxide scavenger PTIO was able to block this bystander effect.
Alpha particles. No decrease in the surviving fraction was seen in bystander AG01522 fibroblasts that were cocultured for 4 h with ␣-particle-irradiated DU-145 cells (Fig. 5A ). In these survival experiments, the inserts containing the AG01522 cells were added within 5 min after the ␣-particle irradiation. This is another example of an LET-dependent bystander effect. When X rays were used to irradiate the DU-145 cells, the bystander AG01522 fibroblasts showed a decrease in the surviving fraction. When ␣ particles were used, how-473 LET-DEPENDENT BYSTANDER EFFECTS IN HUMAN CELLS ever, there was no decrease in the surviving fraction of the bystander AG01522 fibroblasts.
Surviving Fraction in Bystander DU-145 Prostate Carcinoma Cells
No decrease in the surviving fraction was seen in bystander DU-145 cells after 4 h co-culture with DU-145 cells that had been directly irradiated with increasing doses of either X rays or ␣ particles (Fig. 5B) . Because of our previous experience with a very short-lived signal in bystander effects with DU-145 cells (6) , the inserts containing the DU-145 cells were added before the ␣-particle irradiation.
Summary of LET-Dependent Bystander Effects
The matrix of experiments described in this report has allowed us to detect three examples of LET-dependent differences in the bystander effect. In all cases, all experimental variables were constant; only the radiation quality used to irradiate the DU-145 cells was changed. Together, these data suggest that a different signal is released depending on whether the DU-145 cells were irradiated with X rays or with ␣ particles.
1. Bystander AG01522 fibroblasts showed a significant increase in the fraction of cells with greater than five ␥-H2AX foci per nucleus when the target DU-145 cells were irradiated with X rays ( Fig. 2A) , but no increase in ␥-H2AX focus induction was observed with ␣ particles (Fig. 2B ). 2. Bystander DU-145 cells showed a significant increase in MN formation after 4 h co-culture with X-irradiated DU-145 cells. The co-culture period started within 5 min after the irradiation (Fig. 4A) . Bystander DU-145 cells showed a significant increase in MN formation when cocultured with ␣-particle-irradiated DU-145 cells. This bystander effect was present when the co-culture period began just before the irradiation but was absent when the co-culture period began within 5 min after the irradiation (Fig. 4B ). 3. Bystander AG01522 fibroblasts showed a significant decrease in the surviving fraction after 4 h co-culture with X-irradiated DU-145 cells but no decrease when ␣ particles were used (Fig. 5A ).
Summary of Instances where AG01522 Cells and DU-145 Cells Respond Differently to the Same Signal
Our data indicate three experiments in which the two different bystander cell lines have responded differently to the same signal. In these cases, all variables are constant; only the cell line on the co-cultured inserts was changed.
1. Bystander AG01522 fibroblasts showed a significant increase in the fraction of cells with greater than five ␥-H2AX foci per nucleus when the target DU-145 cells were irradiated with X rays ( Fig. 2A) , but bystander DU-145 cells showed no increase (data not shown).
2. Bystander AG01522 fibroblasts showed a significant increase in MN formation after 4 h co-culture with ␣-particle-irradiated DU-145 cells. The same effect was observed regardless of whether the co-culture period started before or within 5 min after the irradiation (Fig. 3B) . When bystander DU-145 cells were exposed to the same signal (originating from ␣ particle-irradiated DU-145 cells), no effect was seen when the co-culture period began within 5 min after the irradiation (Fig. 4B ). 3. Bystander AG01522 fibroblasts showed a significant decrease in the surviving fraction after co-culture with X-irradiated DU-145 cells (Fig. 5A) . Bystander DU-145 cells exposed to the same signal showed no decrease in the surviving fraction (Fig. 5B) .
DISCUSSION
We have shown that irradiated DU-145 prostate carcinoma cells can produce medium-mediated bystander effects in nonirradiated, co-cultured populations of either DU-145 tumor cells or AG01522 normal human fibroblasts. Further, we present evidence that the signal released from irradiated DU-145 tumor cells was different depending on whether the tumor cells were exposed to X rays or to ␣ particles. The data also indicate that, in some situations, the bystander tumor cells and the bystander fibroblasts responded differently to the same signal.
Bystander effects have been well documented with ␥ rays, ␣ particles and heavier ions, but studies on the LET dependence of bystander effects carried out under conditions where all parameters remain the same and only the LET of the radiation incident on the targeted cells is varied are limited. Shao et al. used a broad beam of high-LET carbon ions to irradiate human salivary gland tumor cells and then co-cultured the irradiated cells with a bystander population of the same type of cells for 24 h (10). They reported an LET-dependent increase in micronuclei in the bystander cells, with a greater effect produced by 100 keV/ m carbon ions than 13 keV/m carbon ions. There was no low-LET photon control in those experiments, however, to provide a true low-LET comparison. The same group used a microbeam to individually target a subset of confluent AG01522 human fibroblast cells with either 40 Ar (1260 keV/m) or 20 Ne (380 keV/m) ions (11) . The increase in micronuclei observed in the total cell population was independent of the LET (particle) used or the number of particles delivered to the targeted cells (one to four particles per cell). This was reported as no LET dependence of the bystander effect, but both of these particles have very high-LET properties, and the ability of the cells to produce a bystander effect signal may have been saturated. Lyng et al. found no LET-dependent differences in bystander effects in a study intended to directly compare medium transfer experiments to a microbeam experiment (12) . This group had previously measured mitochondrial membrane potential, expression of BCL2, cytochrome c release, induction of ROS, and apoptosis in bystander cells (HPV-G human keratinocytes) exposed to medium harvested from HPV-G cells irradiated with 60 Co ␥ rays (0.2 keV/um) (13) (14) (15) . When a proton microbeam (3.2 MeV protons; ϳ11 keV/ um) was used to target a population of these human keratinocytes growing on a mylar membrane in the same medium as a separate unirradiated population, the magnitude of the response in the co-cultured bystander cells was similar to that observed in the previous ␥-irradiated medium transfer experiments. The authors concluded that there was no LET dependence of the bystander effect and that the mechanisms involved were common across different radiation qualities; however, the range of radiation quality tested was limited (0.2 and 11 keV/m) and much lower than typical ␣-particle LET values (ϳ100-150 keV/m), where the majority of the bystander effect literature has been generated. Boyd et al. reported LET-dependent differences in the survival of bystander cells exposed to medium from tumor cells that had been irradiated with either externalbeam low-LET
60
Co ␥ rays or with one of several different intracellularly incorporated radionuclides being evaluated for targeted therapy (16) . Medium from human glioma cells or human bladder carcinoma cells exposed to increasing activity concentrations of the incorporated radionuclides (the high-LET ␣-particle emitter Cs ␥ rays and ␣ particles in a medium transfer experiment. In this report, conditioned medium from either irradiated normal human fetal lung fibroblasts or irradiated ataxia telangiectasia mutated fibroblasts was transferred to unirradiated normal fibroblast cells. An enhancement of 10-30% in colony formation efficiency was observed when the recipient cells were treated with the conditioned medium from either irradiated cell line and with either ␣ particles or ␥ rays. These results were similar to the increased proliferation in bystander cells reported by others for ␥ rays (18) and for ␣ particles (19) . No LET dependence of the bystander effect was reported by Yang et al. (20, 21) in studies that used the same bystander cells and end points as we used here, but they used a different high-LET radiation and different directly irradiated cells. Absorbed doses of 0.5 and 2.0 Gy from 250 kVp X rays (2 keV/m) or 1 GeV/nucleon iron ions (151 keV/m) were used to directly irradiate AG01522 human fibroblasts. Bystander effects were then monitored in a separate population of AG01522 fibroblasts co-cultured on an insert in the same medium for various times ranging from 1-24 h (20, 21) . These authors reported no differences in ␥-H2AX formation, MN induction or the surviving fraction of the bystander cells between the 1 GeV/nucleon iron ions and the 250 kVp X rays and concluded that the bystander effect was independent of LET. In the current study, we detected significant LET-dependent differences in the responses of the bystander AG01522 cells to the signals coming from DU-145 cells irradiated with 250 kVp X rays or ␣ particles (127 keV/ m) for both ␥-H2AX foci and the surviving fraction. One possible explanation for the different results seen in the current study and those reported by Yang et al. is that there are differences in the signals released into the medium by irradiated AG01522 fibroblasts and by irradiated DU-145 prostate tumor cells.
Bystander effects involve two discrete steps: the production of a signal by (or the initiation of a signaling pathway in) the directly irradiated cells, and the response of the bystander cells to that signal. The nature of the signal released from the irradiated cells remains unclear due at least in part to the fact that the signal may differ with the different experimental conditions, cell lines and end points that have been studied (22) . The mechanism(s) by which radiations of different LET cause the DU-145 cells to release different signals remains unknown. The deposition of energy by high-LET radiation is highly localized. The type of signal released (or the type of signaling pathway initiated) may depend on the severity of damage in the directly irradiated cells. Some of the responses we observe (i.e., the two bystander cell lines responding differently to the same signal) could be due to the two bystander cell lines responding differently to various components of one signaling pathway. For medium-mediated bystander effects, a number of reports have shown that reactive oxygen species (ROS) play a role in the bystander effect either by direct detection of cells undergoing oxidative stress using colorimetric dyes (8) or by introduction of scavengers and monitoring the decrease in the observed bystander effect (23) (24) (25) (26) . We have used both the non-specific radical scavenger DMSO as well as the nitric oxide scavenger PTIO in these studies. For both ␥-H2AX foci and MN formation, DMSO blocked all bystander effects; however, DMSO did not block the decrease in the surviving fraction in the bystander fibroblasts co-cultured with X-irradiated DU-145 cells. This suggests that, whereas ROS are critically involved in the pathways leading to MN formation and ␥-H2AX focus formation in bystander cells, an additional signal is involved in the pathway leading to cell death. Similar results have been reported by Yang et al. on the involvement of ROS in bystander effects in AG01522 cells. They showed that addition of superoxide dismutase and catalase reduced the incidence of micronucleus formation, reduced the induction of p21 Waf1 , and reduced the number of ␥-H2AX foci in bystander AG01522 cells co-cultured with X-irradiated AG01522 cells, but that SOD and catalase did not have any effect on the decrease in the surviving fraction of the cocultured cells (8) . In our study, the nitric oxide scavenger PTIO was effective in blocking all bystander effects in the 475 LET-DEPENDENT BYSTANDER EFFECTS IN HUMAN CELLS AG01522 fibroblasts including the decrease in the surviving fraction. Nitric oxide serves as a signaling agent in a wide variety of pathways, and the induction of inducible nitric oxide synthase has been shown to be an early signaling event in response to ionizing radiation (27) . Nitric oxide has been identified as a component of the signaling pathway leading to bystander effects in a number of reports, in particular, the bystander effects reported after irradiation of tumor cells (10, (28) (29) (30) .
In summary, we have shown that there were LET-dependent differences in the signal released from directly irradiated DU-145 prostate carcinoma cells that caused medium-mediated bystander effects in both AG01522 normal human fibroblasts and in DU-145 human prostate carcinoma cells. In some situations, the DU-145 tumor cells and the AG01522 fibroblasts, exhibited different bystander effect responses to the same initial signal. Clinically, the vast majority of tumors are treated with low-LET radiation; however, given the increasing applications of high-LET particle beams in radiation therapy (31) and the continuing development of targeted therapy using high-LET radionuclides (16, 32, 33) , investigation of the LET dependence of bystander effects after tumor irradiation takes on increased relevance. The results presented here from a single tumor cell line and a single fibroblast cell line should not be considered predictive of tumor therapy in general. Understanding the mechanisms of bystander signal production by irradiated tumor cells and the responses of bystander cells to those signals may enable manipulation of these effects during tumor therapy.
